Purpose of Review This review will focus on the evaluation and management of patellar instability in the developing patient. Recent Findings A large number of surgical techniques have been described to prevent recurrent patellofemoral instability in the pediatric population, including both proximal and distal realignment procedures. The wide variety of treatment options highlights the lack of agreement as to the best surgical approach. However, when a comprehensive exam and workup are paired with a surgical plan to address each of the identified abnormalities, outcomes are predictably good. Summary Patellar instability is a common knee disorder in the skeletally immature patient that presents a unique set of challenges. Rates of re-dislocation in pediatric and adolescent patients are higher than in their adult counterparts. Careful consideration of the physeal and apophyseal anatomy is essential in these patients. While the majority of primary patellar instability events can be treated conservatively, multiple events often require surgical intervention.
Introduction
An acute patellofemoral dislocation is the most common acute knee injury in children [1, 2] . Recent studies suggest up to 40% of immature patients may develop recurrent instability [3] . Furthermore, recent studies also highlight that up to 10% of these patients may develop contralateral knee patellar instability and 20% may develop arthritis within 20 years following the initial dislocation [4•] .
Classification
Historically, multiple classification systems have been proposed to describe lateral patellar instability, based primarily on symptoms or etiology. Chotel et al. expanded on these systems to describe five patterns of patellar instability [5] :
1. Congenital dislocation is driven by a short, externally rotated quadriceps muscle manifesting with genu valgum, fixed knee flexion, and an irreducible patella. Abnormal development of the patellofemoral articulation leads to a flat trochlea and hypoplastic patella. 2. Permanent dislocation occurs after walking age. It is distinguished morphologically by normal patellar height and an intact, rounded lateral trochlea and single-facet patella. Antalgic gait is quite common. 3. Habitual dislocation in knee flexion is driven by a short vastus lateralis and evident at variable angles of flexion. The patella reduces in extension, and children may experience difficulty with activities that involve running or jumping. 4. Habitual dislocation in knee extension manifests with preserved patellofemoral articulation through most of the motion arc until the knee is near full extension. The patella slides over the lateral trochlea into a dislocated position. 5. Episodic/recurrent instability presents near adolescence, more commonly in females, and is typically associated with a specific sports-related event. Patellar apprehension is more prevalent than pain. This is the most common type of patellar instability.
Parikh and Lykissas proposed a classification system seeking to incorporate the patient's history of dislocations, the morphology of the patellofemoral articulation, and examination findings [6] . Type I represents a first patellofemoral dislocation, with (A) or without (B) osteochondral fracture. Type II represents recurrent subluxation (A) or dislocation (B). Type III represents a dislocatable patella by the examiner or patient which is either passive (A) or habitual in flexion/extension (B). Type IV is a dislocated patella that is either reducible (A) or irreducible (B).
To augment the above classification systems, it may be important to consider other etiologies of patellar instability. Syndromic instability refers to that occurring in the setting of neuromuscular, connective tissue, or other disorders. Disorders commonly associated with patellar instability include the following: cerebral palsy, Ehlers-Danlos syndrome, Marfan Syndome, Down syndrome, Ellis-van Creveld syndrome, nail-patella syndrome, RubensteinTaybi syndrome, Kabuki syndrome, and hypoplastic patella syndromes [5, 7, 8] .
Risk Factors for Instability
Dejour et al. described four main morphologic risk factors contributing to patellar instability including trochlear dysplasia, patella alta, patellar tilt and a laterally placed tibial tubercle with resultant increased Q angle [9] (Table 1) . Trochlear dysplasia and associated lateral femoral condyle hypoplasia both increase the sulcus angle and therefore decrease the bony constraint of the trochlea. Patella alta decreases the effective constraint of the trochlear sulcus by delaying patellofemoral engagement with knee flexion. A lateralized tibial tubercle also creates a net resultant lateral force vector predisposing the patella to lateral instability. Altered force vectors can also be the result of vastus medialis obliquus (VMO) dysplasia or over-pull of lateral structures such as the vastus lateralis and iliotibial band.
The contribution of these factors in recurrent patellar instability was reported by Christensen et al. in a retrospective review noting an increased odds ratio (OR) with trochlear dysplasia (OR, 18.1), patella alta (OR, 10.4), and elevated TT-TG distance (OR, 2.1) [10•] . Additional contributing general factors included age < 18 at time of first dislocation (OR, 2.4) and female sex (OR, 2.1).
Recent literature continues to highlight the importance of trochlear dysplasia as a risk factor for recurrent instability [3, 11] . First-time pediatric dislocators had a 38% recurrence rate, but if trochlear dysplasia was present, this number jumped to 69% [3] . Furthermore, a study looking at the anatomic patellar instability risk factors identified that 74% of patients in the dislocation group had trochlear dysplasia whereas only 4% of patients in the control group met criteria for trochlear dysplasia.
Additional risk factors include ligamentous laxity and connective tissue disorders. Marfan syndrome and Ehlers-Danlos, for instance, affect the strength of medial peripatellar retinacular structures such as the MPFL.
Physical Exam
Physical examination of the patient should begin with evaluation of overall limb alignment including genu valgum or varum, patellar height, quadriceps' girth, and tone. Mobility of the patella is assessed with the knee in full extension and considered abnormal when there is greater than 2 quadrants of translation. Ahmad et al. describe the Moving Patellar Apprehension Test that has 100% sensitivity and 88.4% specificity [12] . The test is performed by taking the knee from full extension into flexion with a laterally directed force on the patella. This causes apprehension and involuntary quad activation by the patient to prevent further knee flexion. In the second part of the test, the knee is again taken from extension to flexion, this time with a medially directed force on the patella. A positive test shows no apprehension in this phase and the patient allows the knee to be fully flexed. The patient is then checked for generalized ligamentous laxity with the Beighton score ( Table 2) . Six or more points qualify a patient as being ligamentously lax, with further discussion in the "Special Considerations" section.
Patellar tracking is best assessed with active knee range of motion in a seated position. The presence of a J sign is noted with excessive lateral translation of the patella as it disengages from the trochlear groove in extension and is often associated with patella alta and trochlear dysplasia. The presence of crepitus can indicate concomitant osteochondral injury.
In the acutely dislocated patella, there may be a large hemarthrosis, with medial knee pain indicating injury to the MPFL, and lateral knee pain due to contusion of the patella against the lateral femoral condyle. Focal tenderness over the MPFL femoral insertion site is called "Bassett's sign" [13] . The absence of these findings should raise concern regarding chronic, congenital, or habitual patellar instability warranting additional evaluation. Lastly, dysmorphic features, size of the patella, and location of the patella at rest should also be noted as patellar instability can be an isolated feature in a larger constellation of abnormalities as seen in Nail-patella Syndrome, Ehlers-Danlos, or Down Syndrome.
Imaging
Plain radiographs are a key component of the static diagnostic evaluation of older children and adolescents and should include four views: anteroposterior (AP), weightbearing Rosenberg (bent knee PA), lateral, and sunrise (bent knee axial). Dejour et al. provide the seminal description of radiographic parameters in patellar instability [9] . On the sunrise view, one can quantify patellar tilt (Laurin's angle) and subluxation (Merchant's congruence angle). The lateral view can be used to assess for trochlear dysplasia, which can be graded as type I (minor dysplasia), type II, or type III (major dysplasia).
The lateral view has received particular attention for the multiple methods reported to assess patellar height, amongst them the Blackburne-Peel ratio [14] , Koshino ratio [15] , Insall-Salvati Ratio [16] , and Caton-Deschamps index (CDI) [17, 18] . The CDI is now commonly regarded as having the highest fidelity in skeletally immature patients. Aparicio et al. evaluated three parameters in 36 lateral knee radiographs of unaffected patients and found the Caton-Deschamps to have the lowest interobserver variability and was the least affected by the patient's skeletal maturity [19] . Thévenin-Lemoine et al. reviewed 300 lateral knee radiographs in unaffected children and established an index of Caton-Deschamps ratios across age groups [17] .
The study of choice in assessing patients with patellar instability has become the MRI (Fig. 1a, b) . In addition to demonstrating any osteochondral injuries and the status of the physes, MRI provides further morphologic information to stratify patients at risk and to guide treatment planning. One parameter to consider is the tibial tubercle-trochlear groove (TT-TG) distance, which quantifies how lateralized the patellar tendon insertion is on the tibia. Two recent studies demonstrate high intra-and interobserver reliability of TT-TG measurements across interdisciplinary providers [20] and in children [21] . Historically, adult references for abnormal TT-TG distances have been used to guide pediatric treatment planning [22] . Dickens et al. showed that normal TT-TG distances in children increase with chronologic age. They found that a TT:TG of 8.6 mm correctly predicted no patellar instability in 95% of their patients and patients with instability had a TT:TG mean of 12.1 [21] . They developed a percentilebased growth chart in order to help depict normal TT-TG in the developing patient population.
The natural progression of this growing body of morphologic data is to develop a predictive or prognostic tool to determine which patients are at greater risk of recurrent patellar instability following an index dislocation. Lewallen et al. reviewed 222 knee radiographs in patients of varying skeletal maturity and found that trochlear dysplasia and open physes conferred an odds ratio (OR) of 3.3 for a second instability episode at mean follow-up of 3.1 years [3] .
Jaquith and Parikh reviewed demographic and radiographic data in 266 patients and proposed the following four binary items as risk factors for recurrent instability: any trochlear dysplasia (OR 3.6), history of contralateral patellar dislocation (OR 3.1), skeletal immaturity (OR 2.2), and CatonDeschamps ratio > 1.45 (OR 2.1) [23•] . The recurrence risk increases from 14% in a first-time dislocator with none of the above risk factors to 88% in a patient with all four factors (Table 3) . Currently, the JUPITER Group (Justifying Pediatric Instability Treatment by Early Reporting) is 
Non-operative Management
Non-operative management of first-time patellar instability is the current standard of care unless there is an associated osteochondral fragment (≥ 5 mm), osseous avulsion of the MPFL or an associated meniscus tear [13, 24, 25] . This was agreed upon during a consensus statement from the International Patellofemoral Group [26] . There is no evidence at this time of the superiority of one treatment protocol versus another after first-time dislocation, but full recovery time traditionally takes 3 months. The initial aim after the acute dislocation is to decrease swelling and pain, strengthen the vastus medialis and gluteal muscles, and regain motion to the knee.
Recommendations vary significantly on duration of and need for immobilization after a first-time dislocation. Some authors recommend immediate mobilization whereas others recommend up to 6 weeks of cast or splint immobilization [27] . In a study of 100 patients in Finland with primary acute patella dislocation were treated with either a cast, posterior splint, or a patella brace/bandage, at 13 year average follow up, the posterior splint group had the lowest re-dislocation rate. There was a three-fold increase in patella instability in patients treated with the patella brace [28] . However, Buchner et al. found that short periods of immobilization can significantly increase muscle atrophy [29] . Currently, our rehab protocol immobilizes the patient for 3 weeks in a lateral J type brace and then focuses on increasing mobility (regressive immobilization) 29. Physical therapy emphasizes isometric quadriceps strengthening, specific VMO strengthening, and progression to more dynamic exercises involving the core and gluteal muscles [30] . Return to sport and activity is only allowed after full recovery of knee motion, strength, absence of a knee effusion and pain, and demonstration of competence with sport specific exercises. We recommend the developing athlete wear a lateral stabilizing brace with sport and activity for 1 year after the initial injury. The brace can heighten the patient's sense of patellar stability. Adjunctive taping with kinesio-tape can also be utilized during the return to sport phase.
Operative Management

Proximal Realignment
Medial Repair
Medial repair either through imbrication or reefing has been described for treatment of patellar instability with variable results. Palmu et al. reported recurrence rates of 71% with direct repair with no significant difference compared to nonoperative treatment [31] . Others have reported lower recurrence rates ranging from 12 to 30% in the adolescent [24] . However, because imbrication and reefing are non-anatomic procedures, some have raised concern over the altered joint reactive forces [34] and kinematics [35] with such procedures.
Medial Patellofemoral Reconstruction
Advances in the understanding of MPFL anatomy and the role it plays in lateral patellar dislocation as the "essential lesion" have redirected soft tissues treatment strategies to focus on its reconstruction (Fig. 2a) . Multiple techniques have been described including the utilization of hamstring autograft, various allografts (gracilis, semitendinosus, tibialis anterior, tibialis posterior) in both anatomic and non-anatomic fashions (quadriceps turn down, adductor sling) with various forms of fixation (suspensory, interference screw, suture anchor).
Outcomes are generally reported to be good with low rates of re-dislocation; however, there is a paucity of literature to establish a direct advantage of a certain graft, fixation, or technique choice. Much attention has been directed towards the femoral origin of the MPFL as non-isometric attachment sites have been related to poor outcomes. The MPFL femoral origin is at the midpoint between the adductor tubercle and medial epicondyle in the skeletally mature [36] [37] [38] [39] and radiographically represented as Schöttle's point [40] . Rather than a single point, this insertion should be referred to as Schöttle's cloud. The anatomic location is of concern in the skeletally immature knee as this site is almost always in close proximity to the distal femoral physis. Radiographic and cadaveric studies have reported the femoral origin site to be just proximal to the physis [41] , variably around the physis [42] , with the majority reporting the location to be just distal to the physis [43] [44] [45] .
To avoid the distal femoral physis, the adductor sling has been described in which a graft is looped around the tendon of the adductor magnus at its femoral insertion and secured on the medial aspect of the patella (Fig. 2b) [46] . Some have advocated for the quadriceps tendon turn down to avoid the potential complication of patella fractures during patellar drilling (Fig. 2c) [47] . This technique takes advantage of the natural quadriceps tendons' attachment to the patella but results in a non-anatomic MPFL reconstruction which is currently of unknown significance.
Distal Realignment
Patients with patella alta or increased TT-TG distances may benefit from functional or explicit realignment of the patellar tendon insertion distally. In the setting of open apophyses and concern for growth injury, multiple techniques have been developed.
The Roux-Goldthwait procedure was originally described in the late 1800s and has been evaluated in several modern series with satisfactory outcomes [48, 49] . The lateral one-half of the patellar tendon is split, detached from the tibial tuberosity, and transferred deep to the medial tendon before securing it to the periosteum and soft tissues of the medial tibia.
Galeazzi originally described a tenodesis technique in 1922 in which the semitendinosus tendon is harvested from its distal insertion and secured to the medial patella in an oblique manner (Fig. 3) [50] . Performed in isolation with minor modifications, outcomes of this tenodesis have varied with respect to recurrent instability and knee function. The original series and subsequent studies showed 80-88% good to excellent results with re-dislocation rates lower than 10% in most series [51, 52] . However, a recent long-term follow-up study by Grannatt et al. demonstrated 28 of 34 patients reported recurrent instability (82%) with 41% of those patients requiring subsequent surgical stabilization [53] .
Kraus et al. report favorable outcomes in 65 knees of a modification of a technique originally described by Grammont [54] . Following a lateral retinacular release, the distal patellar tendon is dissected sharply from the apophysis while preserving a periosteal attachment and elevating a portion of the periosteum distally. The technique allows the tendon to glide medially in a more centralized position. The original technique by Grammont et al. was published in German and included fixation of the medial patella to the tibia [55] The modified Grammont procedure is slowly gaining traction in the USA for patients with elevated TT-TG distances, patella alta, and hyperlaxity in whom there is a high concern that an MPFL reconstruction or adductor sling alone may have a high failure rate.
Guided Growth
Genu valgum can be a contributor to patellar instability and warrants consideration in the developing child [1, 56•] . Clinically, pathologic genu valgum is defined as a patient with an intermalleolar distance greater than 8 cm and a tibiofemoral angle > 15° [57] . Radiographically, to meet criteria, the anatomic lateral distal femoral angle (aLDFA) < 79°, the anatomic medial proximal tibial angle can be aMPTA > 90°with the mechanical axis falling in the lateral compartment of the knee. The principle of guided growth in these patients is to improve patellar stability by restoring the normal anatomic relationship between the knee joint and the extensor mechanism by correcting the patient's mechanical axis to the center of the knee [56•] .
For these patients, it is recommended to use guided growth to slowly correct the valgus deformity. The patients should be followed with interval 3 joint standing radiographs, and the implants should be removed when the mechanical axis is restored to normal.
K e a r n e y a n d M o s c a r e p o r t e d t h e i r s e r i e s o f hemiepiphysiodesis in 26 knees utilizing both staples and 8 plates [56•] . All of these involved hemiephysiodsesis of the medial distal femurs and 4 knees required medial tibial plates as well for aMPTA > 90°. The authors reported 69% had complete symptom resolution and all 6 of their competitive athletes in the series returned to sport. They removed the hardware at an average of 9.6 months from the procedure to prevent overcorrection. One patient required reoperation for a staple that backed out of place. The authors did not include clinical and radiographic pre and post op alignment measures, and this study is only relevant for patients with genu valgum contributing to their instability. 
Special Considerations
Chondral Shear Injuries
In the setting of patellar instability, one reason to operate on a pediatric patient is an osteochondral injury [26] . However, it is not uncommon when closely examining the injured piece to find that there is no attached bone. Traditional teaching is that cartilage only injuries cannot be reaffixed and are doomed to fail. Chondral only in this study was defined as inability to see the fragment on radiographs and the inability to see any bone on the fragment intraoperatively [58•] . Recent experience and literature is suggesting that this may not be the case in pediatric and adolescent patients. Fabricant et al. reported their findings of chondral-only shear fractures of the knee in ten patients [58•] . Fragments were fixed an average of 1.3 weeks from injury, and the average age at time of surgery for the patients was 12.5 years. One patient had re-injury at 8 weeks and required fragment excision. The authors were able to obtain 6 MRIs postoperatively and found resolution of edema and incorporation in 3 of the 6 MRIs (50%). One patient showed thinning of the cartilage, one had thickening of the cartilage, and one MRI signs consistent with the lesion not healing (edema, cysts, and fissures). The overall return to activity in these patients took almost 6 months. Fixation of these chondral only injuries can be done with bioabsorbable tacks or screws. The patients need to be followed closely with physical exam with special attention paid to any mechanical symptoms or effusion.
Technical Challenges for MPFL After Guided Growth
Guided growth with a temporary hemiephiphysiodesis (TH) has a role in the developing patient with significant genu valgum. There are some important technical considerations to consider when planning a MPFL reconstruction with a tension-band plate. If the plate is placed first and the MPFL reconstruction over the top, this can cause fraying and graft failure. If the MPFL is reconstructed and then the TH is performed, there can be a functional shortening of the graft which can cause early failure of the MPFL. In a cadaveric study, the authors demonstrated that during placement of the tension band plate for the TH in 8 knees, there were 2 cases of the MPFL being transected and 4 others with significant damage, a 75% injury rate (6/8) [59•] .
There are options to circumvent these potential technical issues that arise with patients who would benefit from the guided growth and MPFL. The first is to utilize a type of TH technique described by Métaizeau et al. for percutaneous epiphysiodesis transphyseal screw placement (PETS) [60] . The course of the screw is from proximal-lateral to distal medial and comes anterior to the placement of the MPFL graft. Early work by Parikh out of the Patellofemoral Study group have demonstrated that this can be done safely without injury to the MPFL reconstruction with the benefit of doing both procedures in the same setting [61] . This is an ideal choice for the patient with 2-3 years of growth remaining.
Another option is to do the TH as the initial procedure and then perform the MPFL reconstruction when the surgeon goes back to remove the hardware. This is the preferred option for very young children (< 10 years of age) with many years of growth remaining. There are couple additional pearls with this approach that warrant further discussion. The screw holes from the tension band plate are often close to the anatomic insertion of the MPFL on the femur in the saddle area. For this type of MPFL, it is recommended to use suture anchors instead of a larger interference screw for fixation of the graft on the femur. This modification minimizes the chance of the femoral socket breaking into a previous hole from the tension band plate [60] . 
Role of Generalized Laxity in Decision Making
The use of the Beighton score helps to identify patients with hypermobility. This is a 9-point scale that requires the use of 5 maneuvers, 4 passive and one active to assess mobility (see Table 2 ). According to Beighton and Horan original criteria, generalized laxity is present with a score of 6 or greater [62] .
For adolescent and pediatric patients, we use a Beighton score of 6 to help our decision making. In patients with a Beighton score of 6 and higher, if an MPFL reconstruction is part of the surgical plan, we recommend using allograft as opposed to autograft hamstring. Additionally, any patient presenting with a perfect 9/9 is referred to genetics for EhlersDanlos/connective tissue disorder testing.
A very elevated Beighton score can also factor into the surgical decision in a patient with mild patella alta (CD 
Return to Play Considerations in the Pediatric and Adolescent Patient
The current literature on return to play and activity after patellar instability surgery is limited and poorly described [63•, 64] . A recent systematic review by Zaman et al. identified a lack of objective guidelines for return to play after patellar instability. There was a wide range of time lines and criteria in the 53 studies reviewed. With the lack of agreement, we recommend using the criteria set forward by Menetrey et al. [65] when deciding to allow an athlete to return after patellar instability: no pain, full motion, no effusion, no objective patellofemoral instability on exam, near symmetric strength (85% limb symmetry), and excellent dynamic stability (therapist feels patient doing sport-specific drills with no hesitation). Time guidelines in the literature range from anywhere from 3 to 8 months and depend on concomitant procedures performed [63•, 64] .
Complications
There are potential complications which can arise from the management of pediatric and adolescent patellar instability. The first is injury to the growth plate causing a physeal arrest. This can occur in the patients with open growth plates undergoing MPFL reconstruction or can result from an arrest with the Modified Grammont technique involving the tibial tubercle. Management of a partial physeal arrest can include additional surgery to correct the arrest either by completion, excision, or hemiepiphysiodesis. The index surgery, particularly for the MPFL reconstruction with open growth plates, should be performed with the aid of fluoroscopy to confirm that the tunnel or implant will not violate the growth plate. Knee arthrofibrosis is also a potential complication and can occur from improperly placed MPFL grafts, combined surgeries (cartilage injury), and prolonged immobilization [66] . Current MPFL reconstruction technique use bone tunnels for anchors or transosseous drilling for docking which can cause patellar fracture [67] . There are reports of patella fracture occurring after MPFL reconstruction [68, 69] . Fulkerson's MQTFL reconstruction has been a proposed solution to the patella fracture issue by avoiding drilling in the patella all together [67] . Recurrent instability, failure of the procedure, inability to return to sport, wound infection, quadriceps weakness, and neuroma formation are all possible complications in the pediatric and adolescent patient being treated surgically for patellar instability.
Conclusion
Patellar instability is a common condition seen in pediatric and adolescent patients. The treatment course for developing patients is a challenge as there are many factors at play causing the instability as these individuals mature. A comprehensive workup and understanding of the anatomy, biomechanics, and ligamentous laxity are essential in formulating a treatment plan to prevent re-dislocation and allow return to activity.
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